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Abstract 
Process viscometers have important applications in real-time quality and process control for a wide range of industrial processes, 
e.g. in the food, chemical, pharmaceutical, and petrochemical industries. Established commercial instruments like rotational, 
vibrating, and tube viscometers can suffer from poor lifetime or insufficient performance in harsh applications. This contribution 
introduces a novel process viscometer based on a fluid dynamic measurement principle. The pressure building up by the process 
fluid being forced through a tapered gap is used to displace a spring-type structure. This displacement is measured with a 
resonant inductive sensor and is strictly proportional to the dynamic viscosity of the fluid. The measurement principle and 
construction of the instrument allow its use under harsh process conditions such as high pressure and temperature variations and
with abrasive and inhomogeneous fluids and suspensions while maintaining excellent repeatability. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Dynamic viscosity is an important parameter for quality control and process control in many areas of industry, 
e.g. in the chemical, oil, food [1], and mining [2] industries. Established techniques for viscosity determination are 
mainly rotational, vibrating (including the emerging class of resonant micromachined sensors [3]), and capillary 
viscometers [1]. The different instruments have unique strengths and weaknesses. Typical problems are friction- 
loaded torque measurements, undefined shear rate, density dependence, poor sample replacement, small penetration 
depth, pressure, vibration, and flow rate sensitivity.  
Conventional rotational viscometers rely on rotational speed and torque measurements to calculate the fluid 
viscosity. This principle has been very successful in laboratory viscometers and rheometers. However, robust 
sealings are required for process viscometers that can withstand severe process conditions like high temperatures, 
pressure surges, and staining. This requirement adversely affects precise torque measurements due to friction 
effects. To overcome this and the other above-mentioned problems, a novel rotational viscometer that works without 
direct torque measurement is presented. The subsequent section introduces the measurement principle and sensor 
geometry, followed by a discussion of system design and the measurement protocol. Finally, the performance of the 
novel fluid dynamic viscometer is demonstrated by means of measurement results.
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2. Fluid Dynamic Measurement Principle 
The novel process viscometer is based on a similar hydrodynamic effect to that which makes slide bearings work. 
In such bearings, the relative motion between two surfaces induces shear stress in a lubricant and leads to the 
formation of a lubricant film separating the sliding surfaces. The pressure necessary to carry the load can only 
develop if the film is wedge-shaped, so that the variable surface will be slightly inclined. The pressure distribution in 
the wedge-shaped film depends on the surface velocity and the dynamic viscosity of the lubricant [4].  
This viscosity dependence is utilized to measure the viscosity given a fixed geometrical configuration of the 
sliding surfaces. The functional principle is sketched in Fig. 1(a). A rotor and a static outer surface define the 
wedge-shaped gap of the viscometer configuration. The rotor can be powered directly from a rigid shaft or using a 
magnetic coupling. The fluid under test is conveyed into the gap by the action of the rotor. The opposite static outer 
surface is  rigidly fixed on the entry side and open-ended at the outlet. Due to the pressure rise in the gap, the outer 
surface is slightly displaced, acting as a spring. The displacement between the fixed and flexible parts of the spring 
element is proportional to the fluid and measured with an inductive sensor. Fig. 1(b) shows a photograph of  the 
sensor head which is mounted directly in the process vessel. The gap width is in the range from several tenths of a 
millimeter to millimeters. The sensor coil is mounted on the fixed part of the spring while the counter piece is 
attached to the flexible part.
Fig. 1. (a) Functional principle of the fluid dynamic inline viscometer. The process fluid is forced through the tapered gap by the rotating 
cylinder. The occurring pressure build-up is proportional to the fluid viscosity and deflects the elastic outer wall of the gap, which is measured 
using a displacement sensor; (b) Photograph of the in-process sensor head implementing the fluid dynamic measurement principle. The inductive 
displacement sensor is mounted on top. 
The pressure distribution p as a function of the angle D (D=0 at the inlet) in a gap of infinite extension orthogonal 
to the flow direction is 
  (1) 
with the dynamic viscosity of the fluid K, rotor velocity vr, rotor diameter dr, gap width hg, the gap coverage Dmax
and a constant c. Thus, the pressure is proportional to the dynamic viscosity, shear velocity, and a geometry factor. 
The excess pressure is zero at the inlet and outlet and reaches a maximum after about two thirds of the gap length. 
The spring structure leads to a weighted integration of the pressure distribution, which can be measured as 
displacement s. For small deflections in the first approximation, the displacement is 
  (2) 
with the spring constant k of the flexible beam. The torque acting on a point on the outer surface is integrated over 
the whole spring length from D1 to Dmax. For large displacements, the feedback of the geometry deformation on the 
pressure distribution needs to be taken into account. 
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3. System Design 
Besides the mechanical components outlined in the preceding section, the viscometer requires an electric drive 
with closed-loop control to achieve stable flow conditions and shear rate in the wedge-shaped gap. An inductive 
displacement sensor measures the deflection of the spring, offering the advantage of being independent of the 
process fluid. A temperature sensor is used to compensate for temperature variations of the sensor front-end. A 
functional block diagram is sketched in Fig. 2(a). The resonant circuit of the inductive sensor with the sensing coil is 
driven by an AC source. The sensor signal is processed using a  digital lock-in amplifier, followed by temperature 
compensation. The rotating body is driven by a brushless DC (BLDC) motor in a control loop with Hall sensors. 
The event control block synchronizes the instrument functions to obtain an amplitude difference signal and finally 
calculate the viscosity of the fluid using the calibration curves. 
The resolution of the displacement measurement is in the range of a few nanometers with a base distance of about 
1.5 mm between the sensor coil and the counter piece. In the presence of unavoidable temperature fluctuations, a 
differencing method is applied to achieve this high resolution. The used measurement protocol is depicted in Fig. 
2(b). The low-speed measuring phase is used to acquire N full revolutions of the rotating body, which are averaged 
in the lock-in amplifier. In that way, concentricity errors and mechanical imperfections of the setup can be 
compensated. The averaging also allows the intentional use of rotating bodies of non-circular shapes, which may be 
advantageous in certain applications. In the subsequent high-speed measuring phase, another N full rotor revolutions 
are acquired. The magnitude difference of the high- and low-speed signals is proportional to the spring displacement 
and, consequently, to the fluid viscosity. 
Fig. 2. (a) Block diagram of the functional components of the viscometer with  temperature, displacement, and Hall sensors and signal processing 
and state control blocks; (b) Measurement cycle implemented through event control, where a difference measurement of high and low speed 
rotation is performed. 
4. Measurement Results 
The operation of the fluid dynamic viscosimeter was verified under widely varying conditions, in which a 
viscosity range from 1 to 2000 mPas can be easily covered with a single gap geometry. The repeatability of the 
instrument was determined as 0.3 mPas in the low viscosity range and 0.6 mPas at viscosities above 500 mPas. The 
instrument was tested in several field tests under harsh process conditions, e.g. in starch adhesive, ceramics, urea, 
gelatin, and lubricants processing and production. Due to its rugged construction, the device is particularly 
insensitive to pressure jumps and vibrations, which is a major advantage compared to existing vibration- and torque 
measurement-based process viscometers. 
Results from a field test in the production process of starch adhesive are illustrated in Fig 3. Starch adhesive is, 
for example, used in cardboard and paper bag production as the glue between individual layers of paper. The 
adhesive is produced in a batch process in which the dynamic viscosity is a very sensitive indicator of the process. 
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The final viscosity needs to remain within narrow limits to ensure stable quality of the end product. The inline 
viscometer was directly installed in the mixing tank. The diagram shows four consecutive production runs (the 
discharge phases are not shown). The primary ingredients in the mixing tank are starch and water, showing a 
viscosity of 1…2 mPas. Through the addition of caustic soda, the starch swells, causing a steep viscosity rise and a 
temperature rise due to the exothermal reaction. After that, stirring the mixture will crack the long starch molecules, 
leading to a characteristic viscosity drop. The resulting viscosity is an important process control parameter, 
triggering the addition of fresh starch and water. After the maximum viscosity (a further control parameter) is 
reached, the mixture is stirred again until the target viscosity is reached.  
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Fig. 3.  Field test result of the fluid dynamic inline viscometer mounted in a mixing tank for batch production of starch adhesive. Four 
consecutive production runs are shown. The black line indicates the dynamic viscosity of  the mixture and the gray line is the process 
temperature.  
5. Conclusion 
Robust and accurate measurement of viscosity under harsh process conditions is a demanding task that is 
facilitated by the novel fluid dynamic inline viscometer presented in this work. It is based on a rugged mechanical 
configuration with a tapered gap between two bodies applying shear forces to the sample. By design, new sample is 
continuously drawn into the gap. The transducer signal is aquired with a robust contactless measurement, allowing 
high pressure and temperature ratings of the instrument. The wide gap of the viscometer tolerates particulate 
suspensions with particle sizes up several hundred micrometers. The robustness and sample exchange can be further 
improved by using rotating bodies with non-cylindrical shapes. These features, along with the excellent repeatability 
of the instrument under suitably stable process conditions, open new ways for automatic process control in 
demanding industrial processes. 
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